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Small Nucleolar RNAs Direct Site-Specific
Synthesis of Pseudouridine
in Ribosomal RNA
Jingwei Ni, Amy L. Tien, and Maurille J. Fournier* et al., 1996). One well-known snoRNA does not conform
to either family. This is the phylogenetically conservedDepartment of Biochemistry and Molecular
MRP/7-2 snoRNA, which is part of a snoRNP complexBiology
involved in rRNA processing (Maxwell and Fournier,Program in Molecular and Cellular Biology
1995).University of Massachusetts
The second major development that occurred recentlyAmherst, Massachusetts 01003
is the discovery that snoRNAs are involved in the synthe-
sis of 29-O-methylated nucleotides in rRNA. All of these
snoRNAs are in the box C/D family (Kiss-Laszlo et al.,Summary
1996; Nicoloso et al., 1996). Prior to this, functional infor-
mation was available for only a few of the approximatelyTen ACA yeast small nucleolar RNAs (snoRNAs) were
40 snoRNAs known, and all of these were linked to rRNAshown to be required for site-specific synthesis of
processing (Maxwell and Fournier, 1995). Interestingly,pseudouridine (c) in ribosomal RNA. A common sec-
genetic analysis of yeast snoRNAs revealed only fourondary folding motif for the snoRNAs and rRNA target
essential species, all connected to rRNA processing,segments predicts thatsite selection involves: (1) base
and more than 20 others that are not required for growthpairing of the snoRNA with complementary rRNA ele-
(Maxwell and Fournier, 1995; Balakin et al., 1996). Thisments flanking the site of modification, and (2) identifi-
last fact suggests that most snoRNAs mediate nones-cation of a uridine located at a near-constant distance
sential functions, or less likely, that the dispensablefrom the snoRNA ACA box. The model is supported
snoRNAs are functionally redundant.by mutations showing that: (1) reducing the comple-
The snoRNAs linked to rRNA processing currently in-mentarity between the snoRNA and rRNA disrupts c
cludes five species from yeast, i.e., U3, U14, snR10,formation, and (2) altering the distance between the
snR30, and MRP (snR10 is not essential), and six fromACA box and target uridine causes an adjacent uridine
vertebrates, i.e., U3, U8, U14, U17, E3, and U22 (Maxwellto be modified. This discovery implies that most snoR-
and Fournier, 1995; Venema and Tollervey, 1995; EnrightNAs function in targeting nucleotide modification in
et al., 1996). Precise functions have not yet been estab-rRNA: ribose methylation for the box C/D snoRNAs
lished for any of these snoRNAs. The MRP snoRNA isand c formation for the ACA snoRNAs.
a good candidate for a direct role in cleavage, as an
endonucleolytic ribozyme (Lygerou et al., 1996). U3 and
U14 interact directly with rRNA and are thought to func-Introduction
tion in organizing and presentation of the precursor
rRNA substrate (Maxwell and Fournier, 1995).Two recent advances have substantially altered our un-
The discovery that snoRNAs participate in methyla-derstanding of the small nucleolar RNAs in eukaryotic
tion of rRNA stemmed from the finding that many newly
cells. One was the discovery that nearly all RNAs in the
identified box C/D snoRNAs contain long sequences
large and structurally diverse populations of snoRNAs
complementary to rRNA, in particular to sites of ribose
can be simply classified into two large families, based
methylation (Bachellerie et al., 1995). These antisense
on short conserved sequence elements (Balakin et al.,
species are now known to provide sequence specificity
1996). The families are known as the box C/D and ACA
for methylation (Kiss-Laszlo et al., 1996; Nicoloso et al.,
box families. Members of the box C/D family, which was
1996, and see reviews by Maden, 1996; Peculis and
defined several years ago (Tyc and Steitz, 1989), contain Mount, 1996; Tollervey, 1996). Methylation occurs within
box C and box D elements that are almost always near
the region of complementarity, precisely five nucleo-
the 59 and 39 ends of the snoRNA molecule. These ele-
tides from a box D or D9 element at the 39 end of the
ments have been implicated in snoRNA synthesis, local-
antisense sequence in the snoRNA. The box D9 designa-
ization, and recently, in their function (see below; Huang tion (Tycowski et al., 1996a) refers to a second box D
et al., 1992; Peculis and Steitz, 1994; Maxwell and Four- sequence upstream from the canonical box D located
nier, 1995; Terns et al., 1995). The ACA family was de- at the 39 end of the snoRNA. The requirement for these
fined this past year and consists of snoRNAs with an snoRNAs was initially demonstrated by depletion analy-
ACA triplet (or certain active variants) located three nu- sis, and the roles of the antisense and box D/D9 elements
cleotides from the 39 end (Balakin et al., 1996). We refer in site selection were established by mutational manipu-
to these snoRNAs as ``ACA snoRNAs'' or ``ACA box lations. Strikingly, methylation has been targeted to
snoRNAs''. The fact that scores of snoRNAs from differ- novel rRNA sites and to artificial RNAs, by: (1) shifting
ent sources can be classified into two simple groupings the position of the box D/D9 element, and (2) outfitting
suggests that key features of their synthesis and func- snoRNAs with entirely new guide sequences (Cavaille
tion will divide along the same lines. Consistent with et al., 1996; Kiss-Laszlo et al., 1996; J. N., unpublished
this prediction, the box elements that distinguish these data). Although only a few snoRNAs have been shown
families specify similar functions in snoRNA processing to function in rRNA methylation thus far, nearly all of
and accumulation (Maxwell and Fournier, 1995; Balakin the box C/D species known or predicted to exist contain
methylation motifs that correspond to actual sites of
ribose methylation (Kiss-Laszlo et al., 1996; Nicoloso et*To whom correspondence should addressed.
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al., 1996; Tycowski et al., 1996b; J. N., unpublished
data). Notable exceptions are U3, U8, and U22, which
are all required for rRNA processing; none of these con-
tains the methylation motif. Thus, with a few exceptions,
it appears that the main function of the large family
of box C/D snoRNAs is synthesis of 29-O-methylated
nucleotides in rRNA. The various snoRNAs demon-
strated tohave this function are all nonessential, indicat-
ing that the methyl modifications are also dispensable.
It will be interesting to learn if any methylation directed
by a snoRNA is essential.
The finding that snoRNAsare involved in rRNA methyl-
ation prompted us to ask if snoRNAs might function in
other rRNA modification reactions, in particular synthe-
sis of c. This possibility is especially attractive in light
of the large number of c modifications known to occur
in eukaryotic rRNA (Maden, 1990; Ofengand et al., 1995)
and discovery of the large family of ACA snoRNAs (Ba-
lakin et al., 1996).
We tested the hypothesis that ACA snoRNAs partici-
pate in c synthesis by: (1) examining c formation in yeast
cells depleted of specific snoRNAs, and in parallel, (2)
analyzing snoRNA and rRNA sequences for a conserved
structural motif that correlates with modification. Ten
ACA snoRNAs were determined to be required for c
formation, and a common structural motif was found
that predicts that the snoRNAs direct site selection.
Figure 1. Small Nucleolar RNAs Are Required for Site-Specific Syn-
thesis of c in rRNA
Results
Formation of c was examined by a reverse transcription primer
extension assay following treatment of isolated total RNA with CMC
Ten snoRNAs Are Required for Site-Specific (Bakin and Ofengand, 1993; see Experimental Procedures). Results
Formation of c at Eleven Positions in rRNA are shown for 3 strains, each depleted of a different snoRNA. Only
the rRNA regions affected are shown. (A) snR8, primer complemen-At the onset of our study 20 yeast ACA snoRNAs had
tary to 1010±1029 of LSU rRNA; (B) snR3, primer complementary tobeen identified (Balakin et al., 1996). Of these, 17 had
2274±2293 of LSU rRNA; and (C) snR33, primer complementary tobeen characterized genetically and 16 were known to
1065±1084 of LSU rRNA. The following RNAs were used as tem-
be nonessential for growth. The essential species is plates. (A) T7, in vitro synthesized unmodified 25S rRNA fragment
snR30, which is required for rRNA processing (Morrissey (939±1159); WT, RNA from wild-type strain YS602 with no snoRNA
and Tollervey, 1993). We have examined patterns of c depletions; 2snR8,RNA from a strain (YD8, see Experimental Proce-
dures) containing a genomic snR8 disruption and no plasmid;modification for each of the 16 dispensable snoRNAs,
1snR8, RNA from the snR8 disruption strain transformed with ausing total RNA from cells containing disrupted snoRNA
plasmid-encoded wild-type snR8 allele; 1snR8CUA, RNA from thegenes. Modification was evaluated by a primer exten-
snR8 disruption strain transformed with a plasmid-encoded snR8
sion assay after treating the RNA with N-cyclohexyl-N9- allele in which the conserved ACA box (variant AUA in this case)
b-(4-methylmorpholinium)-ethylcarbodiimide p-tosylate was changed to CUA; this mutation was shown to disrupt the accu-
(CMC). In this procedure, the presence of c is reflected mulation of ACA RNAs (Balakin et al., 1996, and present study, data
not shown). For (B) and (C), the presence (1) or absence (2) ofas a pause in the ladder of extension products (Bakin
chromosomal or plasmid-encoded snR3 and snR33 genes is indi-and Ofengand, 1993).
cated by c-snR3, c-snR33, or p-snR3, p-snR33, respectively. ForFully modified yeast rRNA contains 43 c residues, 13
simplicity, (B) and (C) do not show the negative results obtained for
in the small subunit (SSU) RNA and 30 in the large sub- the in vitro transcribed rRNA fragment, nor are the lanes from sam-
unit (LSU) RNA (Bakin et al., 1994; Bakin and Ofengand, ples not treated with CMC shown, except for the undisrupted wild-
1995). Each site of modification has been determined type strain. For all panels, the nucleotide positions are determined
by counting from the 39 end of each primer. c positions are identifiedprecisely (the last 20±40 nt of each rRNA have not been
next to the sequences (left), and the corresponding reverse tran-analyzed). Thus far, we have examined 30 of the 43 sites
script bands are indicated with arrows (right). Arrows marked with(70%) for all 16 ACA snoRNAs evaluated (see Experi-
asterisks denote positions at which c is lost following disruption ofmental Procedures). Deficiencies in c have been ob-
a specific snoRNA gene. CMC treatment is indicated by 2 (un-
served for 10 of the 16 snoRNAs tested (63%). The modi- treated) and 1 (treated). Sites of c formation shown to depend on
fication data obtainedfor 3 snoRNAsare shown in Figure snoRNA are summarized in Table 1.
1, and the findings for all 10 species are summarized in
Table 1.
ACA box known to block snoRNA synthesis (Balakin etModification was rescued for the first three snoRNAs
al., 1996). As expected, the mutant snR8 gene failed toshowing effects (snR3, snR8, snR33) by introducing a
rescue c synthesis in the test strain (Figure 1A, lane 10).wild-type snoRNA gene on a single-copy CEN plasmid
The snR8 species, which affects two sites of modifica-(Figure 1). The snR8 dependence was also demon-
strated with a snoRNA gene containing mutations in the tion, contains a noncanonical ACA box (AUA). AUA and
SnoRNAs and c Synthesis in rRNA
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Table 1. SnoRNAs Required for c Synthesis in Yeast rRNA
snR3 snR8 snR10 snR31 snR32 snR33 snR34 snR37 snR42 snR46
rRNA LSU LSU LSU SSU LSU LSU LSU LSU LSU LSU
c position 2263 985 2919 1000 2190 1041 2876 (2940) 2971 (2861)
(959)
Numbering of c nucleosides is according to Bakin and Ofengand (Bakin et al., 1994; Bakin and Ofengand, 1995). Eight of eleven c sites
conform to the consensus motif shown in Figure 2B; positions that do not conform are in parentheses.
AAA are natural variants, both active in snoRNA synthe- motif emerged that accommodates 8 of the 10 ACA
snoRNAs involved in c formation (Figures 2B and 3).sis (Balakin et al., 1996). To determine if the broader site
specificity is related to the atypical box element, we The conserved features that define the motif include: (1)
two complementarities between the snoRNA and rRNAconverted the AUA triplet to ACA. This mutation did not
alter the modification pattern (data shown). region of modification (domains A and B), (2) a single-
stranded rRNA region that contains the site of modifica-All of the c deficiencies observed were: (1) site-spe-
cific and (2) specific to individual snoRNAs (Table 1). tion, and (3) two snoRNA helices (domains I and II).
The two ACA snoRNAs that were not reconciled withNine of the snoRNAs are required for the formation of
single c residues at different locations, and the tenth the consensus motif (snR37, snR46; Table 1) might actu-
ally conform, but in a less clear way. Alternatively, aspecies, snR8, is required for synthesis of two cs sepa-
ratedby 25 nucleotides. No c deficiencies were detected different structural motif might be involved, or these
snoRNAs may influence modification indirectly, but stillfor two box C/D snoRNAs included as controls (U18 and
snR40, datanot shown; A. G. Balakin, unpublished data). in a site-specific manner. In any case, the fact that 8 of
Taken together, the results demonstrate that ACA snoR- the 10 snoRNAs can be accommodated by a consensus
NAs are indeed required for site-specific c modification motif is strong evidence that the motif is relevant and
and further suggest that this requirement may be related that the snoRNAs which conform to this motif play a
to site selection. direct role in site selection.
A Common Structure Motif between the snoRNA
and rRNA Target Sequence Predicts
the snoRNA Requirement Involves
Site Selection
Our search for an RNA structure motif that correlates
snoRNAs with modification focused on identifying po-
tential complementarities between the snoRNAs and
sites of modification. It was already known that the ACA
snoRNAs do not contain long sequences complemen-
tary to rRNA, unlike the box C/D snoRNAs that guide
rRNA methylation (Balakin et al., 1996; J. N., unpublished
data). For this reason, we considered the folding proper-
ties of the snoRNAs first, and then searched for short
complementarities between conserved snoRNA do-
mains and the rRNA target regions. A common motif
Figure 2. A Consensus Structure Motif Correlates snoRNA Se-became apparent after the first three snoRNAs were
quences and Sites of c Modificationlinked to specific sites of modification.
(A) Most ACA snoRNAs can be folded into a common secondaryIn the course of defining the family of ACA snoRNAs,
core structure (Balakin et al., 1996). The ACA box and an AGAour group developed secondary folding models for each
trinucleotide found in most ACA snoRNAs are boxed, and thespecies known. This analysis was based on use of ex-
snoRNA determinants proposed to be involved in c formation are
perimentally derived secondary structures to evaluate contained in the shaded region. Segments labeled [A] and [B] are
models developed by computer folding analysis. The complementary to rRNA sequences flanking the site of modification.
Conserved snoRNA helices are identified as domains I and II.experimental structures were generated by direct prob-
(B) Sequence elements in the 39 portion of the snoRNA can poten-ing of two ACA snoRNAs (yeast snR11, human and
tially base pair with rRNA sequences adjacent to a site of c modifica-mouse U19; Balakin et al., 1996; Kiss et al., 1996). Re-
tion. The common snoRNA-rRNA motif includes: (1) regions ofsults from this analysis revealed that most of the RNAs
snoRNA:rRNA complementarity that flank the site of c modification
can be folded into a common core structure (Balakin et (domains A and B); (2) two snoRNA helical segments (domains I and
al., 1996) (Figure 2A). This structure includes: (1) a stem- II), one of which occurs between the elements complementary to
rRNA (domain II); and (3) the ACA box, which defines the family ofloop domain near the 59 end, (2) a single-stranded hinge
ACA snoRNAs. The ACA box occurs z15 nucleotides from a snoRNAregion with a putative AGA box at the proximal end, and
base pair in domain II, which is opposite the site of c formation. The(3) a stem-loop domain at the 39 end that is followed by
consensus motif was developed from comparisons of hypotheticalthe ACA box.
snoRNA folding patterns and searches for positionally conserved
A search of the folded snoRNAs then revealed com- complementarities between snoRNAs and rRNA sites of c modifica-
plementarities with the rRNA modification regions that tion. Motifs for individual snoRNAs experimentally linked to c forma-
tion are shown in Figure 3.are positionally conserved in both RNAs. A consensus
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in other ways, for example, by inducing conformational
changes required for the reaction.
The position of the ACA box relative to the site of
modification is also striking. This spacing is a virtually
constant distance of 15 nucleotides, which suggests
that the ACA box is also a determinant in site selection
(Figure 2B). The distance is exactly 15 nucleotides for
7 of the 8 individual motifs. The spacing for the eighth
motif (snR8) appears to be 17 nt, but is more difficult to
estimate because of a short stem structure predicted
to occur in the intervening space (Figure 3).
All of the snoRNA elements proposed to be involved
in the interaction with rRNA occur in the 39 portion of
the snoRNA, which contains a main stem defined by the
conserved snoRNA helices (domains I and II; see Figure
2A). The two sequences complementary to rRNA are
predicted to be single stranded or mostly so. In addition
to these elements, the helices within the 39 domain of
the snoRNA and the ACA box may also be important
for modification. The domain II helix in the snoRNA is
opposite the target sequence, in good position to influ-
ence modification. This helix also abuts the domain A
helix in all cases. In this arrangement, a continuous helix
might be created that could function in the modification
process. In addition to the implied involvement in c for-
mation, portions of the 39 stem-loop domain of the
snoRNA and the adjoining ACA box are known to beFigure 3. Structure Elements Conserved among Individual snoR-
required for synthesis of the snoRNA itself (Balakin etNAs Required for c Synthesis and the Corresponding rRNA Target
al., 1996). Thus, some or all of these elements could beRegions
involved in more than one process.Motifs are shown for eight snoRNA±rRNA pairs. The RNAs are ar-
ranged schematically using the conserved ACA box as a common
reference point. The snoRNA regions depicted occur in the 39 por-
tions of the molecules, as shown in Figure 2. In some cases, gaps Mutational Results Indicate That
have been inserted between complementary elements in the the Motif Is Relevant
snoRNA to achieve simple alignments. Missing snoRNA segments
Two major predictions of the motif have been subjectedare denoted as broken lines and gaps as solid lines. Conventional
to preliminary experimental tests: (1) that base pairingbase pairing (including G±U) is denoted with vertical lines, and G±A
between the snoRNA and rRNA is essential for c forma-pairs with small circles. The position of the c affected by snoRNA
depletion is shown for each snoRNA±rRNA pair. Note that the c is tion, and (2) that the distance between the ACA box and
always located either immediately adjacent to the domain A comple- site of modification is a key determinant in site selection.
mentarity (Figure 2) or 1 nt away. Also the distance between the c The putative snoRNA:rRNA interaction was assessed by
and ACA box is an almost constant 15 nt, counting to the base pair
weakening the implied domain A interaction, and thein snoRNA domain II, which is opposite the c in this format; snoR8
importance of the ACA-c spacing was examined by al-is an exception, with a spacing estimated at z17 nt; however, the
tering this distance. These analyses were conducted bynucleotides underlined in snR8 could form a short stem structure
and yield a shorter spacing. mutating snR8, which is required for two c modifications
in the LSU rRNA. One modification site (c985) conforms
to the consensus motif, the second site does not (c959;
Figure 3). This snoRNA was selected because the c985The motif predicts that the snoRNAs bind to the modi-
fication region through the complementary elements modification occurs within a sequence of four uridines,
which offers the potential to detect changes in site spec-that flank the site of modification. We note that the
distance between domain A and the target uridine is ificity through modification of a neighboring uridine (Fig-
ure 4).no greater than one nucleotide in every case. Good
complementarity exists for every snoRNA:rRNA pair, al- The domain A complementarity of 7 bp was weakened
with a two-nucleotide substitution mutation (Figure 4B).though with different base-pairing potentials. The do-
main A complementarity varies from 6±11 base pairs This alteration blocked synthesis of c985, but had no
effect on formation of c959 (Figure 5, lane 3). Loss ofincluding non-Watson-Crick A-G pairs. The complemen-
tarity at domain B ranges from 5±12 base pairs for 6 of activity at the U985 site supports the view that modifica-
tion indeed depends on interaction of the snoRNA withthe 8 snoRNAs. No substantial complementarity occurs
for the two others (snR32, snR34), but interestingly, the the rRNA target region. The fact that only this site was
affected indicates that the c959 modification does notbase-pairing potential through domain A is markedly
enhanced in these cases (Figure 3). Binding of snoRNA depend on formation of c985. This result also suggests
that the requirement for snR8 at the nonmotif site mayto the target region could influence site selection
through docking of the pseudouridine synthase. The be indirect or involve different snoRNA determinants.
The spatial relationship between the ACA box andsnoRNA can also be imagined to influence modification
SnoRNAs and c Synthesis in rRNA
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Figure 5. SnoRNA Mutations Affect Both Activity and Specificity of
c Synthesis
The mutations described in Figure 4 were created in a plasmid-
encoded SNR8 gene and the effects examined in a test strain (YD8)
containing an inactive chromosomal SNR8 gene (see Experimental
Procedures). Synthesis of c was examined by the CMC-primer ex-
tension assay procedure. The snoRNA mutations are identified
above each lane using the abbreviations defined in Figure 4. DataFigure 4. Mutational Analysis of the snoRNA±rRNA Motif
are shown for the rRNA regions, which normally contain c modifica-
The importance of the complementarity between snoRNA and rRNA
tions at positions 959, 966, 985, and 989. The sites of modification
and the relative position of the ACA box were examined by altering
are indicated at the left and the corresponding reverse transcript
yeast snR8. Only the central part of the motif is shown.The predicted
bands by arrows at the right. A novel site of c modification occurredsnoRNA:rRNA interaction was impaired by substituting 2 nucleo-
with mutations D1 and D2, at position U986 (bold arrow). Controltides in the domain A element of snR8 (S1). The influence of the
samples included RNA from the test strain (YD8, lane 1) and theACA box position was assessed by introducing a one nucleotide
same strain transformed with a plasmid containing a wild-type SNR8insertion (I1) or deletions of one or two nucleotides on either side
gene (WT, lane 2). Negative data obtained with samples not treatedof domain I (D1±D3). (A) wild-type snR8. (B) structure of the two-base
with CMC have been omitted.S1 substitution in domain A. (C) insertion and deletion mutations
(I1, D1±D3). The altered bases in the S1 substitution are shown in
boldface lowercase letters. The I1 insertion is indicated above the
Two othermutations reduced the yieldof c985 withoutwild-type sequence, and the deletions are shown as gaps (solid
lines). creating a new site of modification. An insertion of one
nucleotide (I1) immediately upstream of the ACA box
reduced the yield of c985 to about 30% of normal. A
two-nucleotide deletion (D3) at the opposite end of thetarget nucleoside was altered with insertions and dele-
domain I helix reduced the modification level to abouttions of one or two nucleotides (Figure 4C). These muta-
60% of normal (Figure 4C; Figure 5, lanes 5 and 7). Iftions were made in two regions: (1) between the ACA
distance from the ACA box were the sole determinantbox and domain I helix and, (2) at the opposite end of
in site selection, any new modification resulting fromdomain I. We expected these mutations to either shift
insertions and deletions would be expected to occur inthe site of modification or reduce the yield of c. Consis-
a consistent pattern. However, a new site was seentent with this prediction, the pattern of modification was
for two deletions of one nucleotide, but not for a one-altered in every case, although not in a simple way (Fig-
nucleotide insertion or a two-nucleotide deletion. Theseure 5; Table 2). Some mutations led to alteration in site
results support the view that site selection is indeedspecificity and others to reduced activity at the normal
influenced by the spatial relationship of the target uridineU985 site. Modification at the second natural site (U959)
occurred normally in each case.
A one nucleotide deletion immediately upstream of
Table 2. Effect of Moving the ACA Box on c Formationthe ACA box (D1, Figure 4C) did not have a noticeable
snR8 variant d (nt) Dd (nt) U987 U986 U985 U984effect on formation of c985 but did result in synthesis
of c at a novel site, at an adjacent uridine (U986; Figure WT 17 0 11
5, lane 4; Table 2). The yield at the novel site was esti- I1 18 11 1/2
mated to be about 60% of that detected at the U985 D1 16 21 1 11
D2 16 21 1 11position. A similar shift in specificity and yield was also
D3 15 22 1obtained for a one nucleotide deletion located at the
other end of the domain I helix (D2, Figure 4C; Figure Insertion (I) and deletion (D) mutations are identified in Figure 4. d,
distance between the ACA box and snR8 base pair (domain II) oppo-5, lane 6). If the U985 site is fully modified in wild-type
site the site of rRNA modification at c985. Dd, change in d. Extentscells, the yield data suggest that some of the rRNA
of c formation are indicated by: 11, 100%; 1, z60%; and 1/2,molecules characterized are modified at both positions
z30%, where 100% refers to the wild-type level at position c985.
985 and 986.
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and the ACA box. They also indicate that other determi-
nants must be involved as well.
None of the snR8 mutations analyzed are predicted
to perturb the secondary folding of the snoRNA in a
substantial way, and Northern assays indicated that
snR8 was present at normal levels for all mutants used
in this analysis (data not shown). The mutations could,
of course, affect tertiary folding and the structure and
activity of the final snoRNP complex. The fact that c959
was formed in each case suggests that the snoRNP is
at least partly functional regardless of its role at c985.
On this basis we think it is reasonable to suggest that the
Figure 6. Posttranscriptional Synthesis of Pseudouridinedefects in c985 formation reflect alterations in snoRNA
Pseudouridine is formed from uridine by: (1) cleavage of the N1-C19determinants required for c modification.
glycosyl bond, (2) rotation of the base, and (3) reattachment through
the C5 and C19 carbons.
Discussion
analysis (Balakin et al., 1996). This protein does not
exhibit any significant homology with the pseudouridineThe c Synthesis Reaction and Role
synthases described (see below; data not shown). Theof the ACA snoRNAs
second protein, designated SSB1, is only known to beTaken together, the secondary structure modeling and
associated with two individual ACA snoRNAs (Clark etexperimental results demonstrate that snoRNAs in the
al., 1990). It too lacks homology with the known pseudo-ACA family play a vital, direct role in c synthesis, and
uridine synthases (data not shown).that this role includes site selection. Thus far, 11 c sites
Thus far, four classes of pseudouridine synthase haveand 10 snoRNAs have been correlated. The remaining
been defined on the basis of sequence comparisons19 sites screened were not connected with any of the
(Koonin, 1996). The biochemically characterized mem-snoRNAs examined, and the 6 snoRNAs tested which
bers in each class consist of a single polypeptide andhave not been linked to any of the 30 sites screened
function in vitro without an RNA cofactor. The enzymescould function at some of the 13 c sites not analyzed.
create pseudouridines in a site-specific fashion in E. coliThe good correlation between the proportion of snoR-
rRNA (Wrzesinski et al., 1995a, 1995b) and E. coli andNAs showing effects (63%) and rRNA sites examined
yeast tRNA (Kammen et al., 1988; Nurse et al., 1995;(70%) suggests that: (1) snoRNAs are involved in the
Wrzesinski et al., 1995b; Simos et al., 1996). Individualsynthesis of most cs in rRNA, and (2) c synthesis is
site-specific synthases also appear to be involved inthe main function of the ACA snoRNAs. The number of
modification of human snRNAs (Patton, 1994). It will besnoRNAs analyzed is substantial (16), and these snoR-
interesting to learn how the structure of the synthasesNAs should be representative of the family of ACA snoR-
involved in snoRNA-mediated c synthesis compare withNAs. Most of the snoRNAs in the set examined were
those that select target sites by other mechanisms.originally identified at random, from electrophoretic
fractionation of total nuclear small RNAs (Balakin et al.,
Comparison of Nucleotide Selection Schemes
1996, and citation therein). If every c modification in-
Used by the Box C/D and ACA snoRNAs
volves a specific ACA snoRNA, some 43 species would
Strong parallels are indicated between the mechanisms
be expected. This number could be larger, of course, if
by which snoRNAs target c synthesis and ribose methyl-
some ACA snoRNAs have other functions, or smaller if ation. Complementarity between thesnoRNAs and mod-
each directs c synthesis buta subset of cs are produced
ification regions exists in both cases, and base pairing
by another mechanism. is presumed to be the major determinant in site selection
For the modifications mediated by ACA snoRNAs, the in each case. In addition, selection of the target nucleo-
number of c-forming enzymes involved could be very tide in each case appears to rely on distance measure-
small; in principle, only one would be needed. In addition ments made from a conserved motif element. For the
to providing site specificity, the ACA snoRNAs might box C/D snoRNAs, the reference point is the box D
also influence the actual reaction. The conversion of a or D9 element that occurs on the 39 side of the guide
uridine to c is an isomerization process, believed to sequence (Kiss-Laszlo et al., 1996; Nicoloso et al., 1996;
involve cleavage, rotation, and reattachment of the ura- J. N., unpublished data). A conserved spatial relation-
cil base to the ribose (Figure 6) (Goldwasser and Heinrik- ship appears to exist for the ACA snoRNAs too, between
son, 1966). The RNA strands in the targeting motif could the ACA box and uridine to be modified. The mutational
undergo a conformational change that favors or even results argue that this spacing is important, but that
forces the required rotation. other determinants are also involved. More comprehen-
As with the box C/D snoRNAs involved in methylation, sive mutational analyses will be undertaken to define
it will be interesting to learn if the modifying enzyme the mechanism of site selection.
resides in the snoRNP complex or only becomes associ-
ated with it during the reaction. Only two proteins spe- Functional Implications of c Modification in rRNA
cific for ACA snoRNAs have been identified thus far. Pseudouridine has three distinctive features compared
One of these, called GAR1, appears to be common to to unmodified uridine: (1) The C±C glycosyl bond is pre-
dicted to be more flexible than the conventional C±Nall yeast ACA snoRNAs, based on immunoprecipitation
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bond and could therefore influence rRNA folding or con-
formational changes; (2) the N-1 proton can serve as an
extra H-bond donor in tertiary folding of the rRNA or
in specific protein±rRNA interactions; and (3) the N-1
position has high acyl group transfer potential, and on
this basis, has been suggested to be directly involved
in the peptidyltransfer reaction (Lane et al., 1992, 1995).
Testing these hypotheses has not been possible pre-
viously, because of the inability to selectively block c
synthesis. With the present discovery, the effects of
depleting individual c residues or combinations of c
modifications can now be investigated.
None of the 10 ACA snoRNAs linked to c synthesis
are essential, suggesting that most, perhaps all, c modi-
fications in rRNA arealso dispensable. The one essential
snoRNA not examined, snR30, is required for processing
of 18S rRNA (Morrissey and Tollervey, 1993). It remains
to be determined if snR30 participates in c formation
and, if so, whether c formation is its essential function.
Loss of snR10, which is not essential for cell growth,
causes a cold-sensitive, slow-growth phenotype and
Figure 7. Five Clustered Pseudouridines in the Core of the Peptidyl-general defects in the kinetics of the early rRNA pro-
transferase Center Are Nonessentialcessing reactions (Venema and Tollervey, 1995). It has
The central core of the peptidyltransferase center is shown. In yeastbeen suggested that the Cs phenotype is not due to
this region contains six cs. Sites of 29-O-methylation (O29m) are alsoimpaired rRNA processing, based oncomparison of pro-
noted. The modified trinucleotide UmGmc located at the bottom of
cessing patterns of mutant and wild-type cells (Toller- the structure is conserved among all nucleocytoplasmic LSU rRNAs
vey, 1987). We show here that snR10 is required for thus far examined. The five cs circled are dispensable; all are con-
synthesis of c2919 in LSU rRNA (Table 1). Loss of this served in yeast, Drosophila, mouse, and humans (Ofengand et al.,
1995). c2822, indicated in parentheses, is conserved in the samec could result in misfolding of rRNA, and this in turn
eukaryotes and also in E. coli, but not mitochondria.could lead to a reduced rate of processing and potential
defects in ribosome assembly.
Interestingly, the c2919 modification exists in a Most snoRNAs Appear to Be Involved
UmGmc sequence conserved in the peptidyltransferase in rRNA Modification
center (PTC) of all eukaryotic nucleocytoplasmic rRNAs In addition to defining a new function for snoRNAs, the
analyzed (Figure 7) (Lane et al., 1992, and references present results imply that nucleotide modification is the
therein). This particular modification does not occur in main function of the snoRNAs at large. It seems unlikely
prokaryotic or mitochondrial rRNA, but has been viewed that new families will be defined, or if this happens, that
as a good candidate for direct involvement in PTC func- any new family will contain more than a few species.
tion (Lane et al., 1992, 1995). This portion of the PTC Most of the species already characterized were initially
domain contains four other c nucleotides as well, which identified at random, arguing that the present pattern
are conserved among eukaryotes, but not prokaryotes of two major families will persist. Based on our present
(Figure 7) (Ofengand et al., 1995). Our results show that knowledge about these families, it is reasonable to pre-
each of these five modifications requires a specific dict that the primary role of the snoRNAs is modification
snoRNA (Table 1). Since none of the snoRNAs is essen- of rRNA nucleotides.
tial, we conclude that none of the corresponding cs is
required for the vital peptidyltransfer reaction. It will be Experimental Procedures
interesting to learn if c2822 in this domain is essential,
Yeast Strainsas this modification is conserved in both prokaryotes
Wild type, YS602, MATa, ade2, his3, trp1, ura3, leu2; YD3,
and eukaryotes, but not mitochondria (Ofengand et al., snr3::LEU2, ade2, his2, trp1, ura3, leu2; YD8, snr8::HIS3, ade2, his3,
1995). Also, c modifications in otherportions of the rRNA trp1, ura3, leu2; YD10, snr10::LEU2, ade2, his3, trp1, ura3, leu2;
could be involved in PTC function. If the essential func- YD31, snr31::URA3, ade2, his3, trp1, ura3, leu2; YD32, snr32::his3,
ade2, his3, trp1, ura3, leu2; YD33, snr33::ura3, ade2, his3, trp1,tion of snR30 is c synthesis, that modification could be
ura3, leu2; YD34, snr34::LEU2, ade2, his3, trp1, ura3, leu2; YD37,a candidate for a role in this process, as well as other
snr37::URA3, ade2, his3, trp1, ura3, leu2; YD42, snr42::his3, ade2,essential functions.
his3, trp1, ura3, leu2; YD46, snr46::his3, ade2, his3, trp1, ura3, leu2;
Finally, we note that snoRNAs also contain c. This RL5, MATa, trp1, his3, his4, ura3, leu2, lys2, ade2, snr3::LEU2,
modification is known to occur in at least four species, snr4::URA3, snr5::TRP1, snr8::HIS3, snr9::URA3, and; RL60, MATa,
trp1, his3, his4, ura3, leu2, lys2, ade2, snr3::LEU2, snr4::URA3,including rat U3 and U8 (Reddy and Busch, 1988) and
snr5::TRP1, snr8::HIS3, snr9::URA3, snr10::LEU2. RL5 and RL60 areyeast snR4 and snR8 (Wise et al., 1983). U3, U8, and
from Parker et al., 1988. Strains YD31, YD32, YD33, YD34, YD36,snR4 are box C/D snoRNAs and snR8 is an ACA snoRNA
from this laboratory, have been previously described (Balakin et
included in the present study. Elucidating the synthesis al., 1993; Samarsky et al., 1995). Strains YD37, YD42, YD46 were
and function of c in the snoRNAs themselves promises constructed by Andrey G. Balakin (unpublished). YD3 and YD8 were
derived by mating wild-type YS602 with strain RL5, which containsto be interesting as well.
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